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Introduction
Dense alumina-aluminium titanate composites with controlled microstructure have been fabricated from alumina and previously reacted aluminium titanate powders [1, 2] and by reaction sintering of alumina (Al 2 O 3 ) and titania (TiO 2 ) mixtures [3, 4] . However, the microstructures obtained by reaction sintering usually display low as-fired densities, abnormal grain growth and, even unreacted titania particles, owing to the special characteristics of the alumina-titania (AT) reaction process [5] .
Previous studies have shown that colloidal processing allows dense, homogeneous A-AT materials to be obtained by reaction sintering of green bodies produced by slip casting of suspensions with controlled mixtures of alumina and titania [6] . It has been shown that the main toughening mechanism in composites with 10 vol.% AT was microcracking, so that the use of nanosized titania to produce nanometric particles of AT in the matrix should provide enhanced properties. However, the use of nanosized particles to promote the formation of nanocomposites has drawn little attention, due to the inherent difficulties arising from the dispersion of the nanosized phase into the matrix. However, the use of fast firing techniques such as SPS has demonstrated to be a suitable way to produce dense A/AT materials by reaction sintering using nanopowders [7, 8] . To improve the dispersion of such nanoparticles one possible route is the colloidal filtration, which has been also explored recently to obtain dense A/AT materials [9, 10] . Recently, we have described also the possibility to obtain dense A/AT materials by a spark plasma reaction sintering (SPS) process using cast green bodies instead of the conventional mixture of powders [11] . This method has the 3 advantage that the components of the mixture have been already dispersed and shaped to a green body with high particle packing.
Although this methodology has been successfully used for bulk bodies the possibility of obtaining films using SPS needs to be explored. One of the most common methods to produce thick coatings and films is by electrophoretic deposition (EPD) using particulate sols and suspensions. It is a simple, versatile forming route with the advantage that diluted suspensions can be used, whereas most of the colloidal shaping methods make use of concentrated suspensions that are not always possible to prepare with the desired flowing properties. The EPD process can be controlled considering some properties related to the suspension itself (mainly conductivity and zeta potential) and, processing parameters (basically the maintenance of a constant electric field and the deposition time). The foundations of EPD and the modelling of kinetics have been described elsewhere [12, 13] . In previous work, the processing parameters involved in the fabrication of A/AT films by EPD and reaction sintering in a conventional furnace has been reported [14] , but reaction sintered materials had a limited relative density (by 95 % of theoretical density) much lower than desired for structural applications. To increase the sintered density to near to theoretical values the use of nonconventional sintering methods is required. SPS is a promising method which can work at heating rates of hundreds degrees per minute, reaching high temperatures in a short time, and producing dense materials [15] . These features allow the achievement of microstructures unattainable by other sintering methods and, therefore, obtain mechanical properties superior to those obtained using conventional techniques.
In the present investigation we report, for the first time, the reaction-sintering by fast SPS technique of green thick films prepared by EPD of alumina and titania powders for the fabrication in situ of Al 2 O 3 /Al 2 TiO 5 ceramic composites. The stability of the concentrated suspension was studied from zeta potential and rheological measurements and controlling the deposition parameters, i.e. current density and deposition time.
The possibility of obtaining completely reacted and dense A-AT nanostructured composites at low 4 temperature by reaction-sintering is studied in detail. The thick films were characterized in the green state and after sintering by conventional techniques and by SPS at different temperatures (1300-1400 ºC). The density measurements, mechanical properties, such as hardness by nanoindentation and, microstructure of the obtained ceramic composites are studied and compared with composites obtained by conventional sintering method.
Materials and methods

Starting materials
The following commercial powders were used as starting materials: 1) a submicron-sized, high purity α-Al 2 O 3 (Condea-Ceralox HPA-05, Sasol, USA) with a mean particle size of 0.35 µm and specific surface area of 9.5 m 2 g -1 ; and 2) a nanosized TiO 2 powder (Aeroxide ® P25, DegussaEvonik, Germany) with an average primary particle size of 40 nm, a specific surface area of 50 m and nanometric titania (T) were always prepared at a relative weight ratio of 87:13.
The specific surface area was determined using the single-point BET method (MonosorbTM Surface Area Analyzer MS-13, Quantachrome Corporation, USA) after degassing at 150 ºC.
Particle size distributions were measured by laser diffraction (Mastersizer S, Malvern, UK) and dynamic light scattering (NanoZS, Malvern, UK) for submicrometric and nanometric particles, respectively.
Preparation and characterization of suspensions
The colloidal stability of aqueous suspensions of TiO 2 nanopowders was studied in previous works by measuring the zeta potential as a function of deflocculant content and pH and the conductivity [10, 11] for obtaining concentrated suspensions of both studied materials [16, 17] . The suspensions were prepared by first adding the PAA required to disperse the nanosized titania particles (4 wt.% PAA in relation to the titania content); the titania nanopowder was subsequently added and homogenized by sonication for 1 min. The alumina powder was then added after the relative amount of PAA needed to disperse the submicronic alumina particles (0.28 wt.% PAA in relation to the alumina content) had been added. The mixture was then maintained for 15 min under mechanical stirring.
The foregoing PAA contents refer to the active matter concentration.
To improve the dispersion state, the as-prepared suspensions were sonicated for 1, 3 and 5 min using an ultrasounds (US) probe (UP 400S, Dr Hielscher GmbH, Germany) in order to prevent agglomeration. The rheological behaviour of all suspensions was determined using a rheometer (Haake RS50, Thermo Scientific, Germany) operating at controlled shear rate (CR), increasing the shear rate from 0 to 1000 s -1 in 5 min, with a 1-min hold at 1000 s -1 , and then decreasing the shear rate from 1000 to 0 s -1 in 5 min. The measurements were performed at 25 ºC using a double-cone and plate system.
Deposition tests
Electrophoretic deposition (EPD) experiments were performed in galvanostatic mode for deposition times of 1 to 10 min and applied current intensities of 1, 3 and 5 mA (i.e., current densities of 0.28, 0.83 and 1.39 mA cm -2 , respectively), using a power source (Keithley, mod. 2611, USA). Graphite electrodes were used as electrodes, which were maintained at a separation distance of 2 cm. The dipping area of the substrates was ∼3.6 cm 2 considering that dipping occurred in both surfaces.
Deposited substrates were extracted at a constant withdrawal rate of 4.5 mm s -1 (that is, ~27 cm min -1 ), pH and conductivity were registered during the deposition process. 
Sintering and characterization
The films deposited by EPD at the best conditions were sintered by two procedures: under conventional sintering in an electric furnace and by fast sintering (SPS). In the case of conventional sintering, the graphite substrate burns out during the thermal treatment and two self-sustained films are obtained, one formed principally by EPD and the other mainly formed by dipping. Conventional sintering was carried out in air at different temperatures (1300-1400 ºC) using a heating rate of 5 ºC min -1 with 2 h of dwelling time at the maximum temperature.
A second set of EPD films was introduced into a 20-mm-diameter graphite die and sintered using an SPS apparatus HP D25/1 (FCT Systeme GmbH, Rauenstein, Germany) at temperatures from 1300-1400 ºC and 80 MPa of pressure to obtain fully sintered bulk materials. The tests were carried out under vacuum at a heating rate of 100 ºC min -1 with a 1 min dwelling time at the maximum temperature.
In all cases, two different samples were prepared at the same conditions. The thickness of the sintered self-sustained films was measured by direct imaging by using a field emission gun scanning electron microscope (FE-SEM, HITACHI S-4800, SCSIE of the University of Valencia).
Given values are the average of 10 measurements.
The densities of the sintered compacts were determined by the Archimedes method (ISO-3369) using distilled water. Theoretical densities (TD) were calculated using density values of 3.99 g cm -3 for alumina [18] , 3.89 g cm -3 for TiO 2 (anatase) [19] , 4.25 g cm -3 for TiO 2 (rutile) [20] , and 3.70 g cm -3 for aluminium titanate [21] . The crystalline phases of the bulk ceramic composites were determined by X-ray diffraction (XRD, D8 Advance, Bruker, Germany). The measurements were performed in the 20º-80º range and the step size and time of reading were 0.02º and 0.3 s, respectively.
The hardness measurements of the sintered discs were analyzed using a Nanoindenter device (G- 
Results and discussion
According to a previous work the isoelectric points of Al 2 O 3 and TiO 2 occurred at pH values of 9 and 7, respectively [10] . To improve stability at moderate and basic pH values, PAA was added as a deflocculant to active matter contents of 0.28 and 4 wt.% for A and T, respectively. The addition of PAA shifted the isoelectric points down to pH values of ~4 and <3, respectively. Furthermore, the removal of bubbles originating from the electrodes of aqueous water during EPD could be observed during the tests and in the green samples.
No variation of pH was experimentally observed during EPD tests for any suspension, although some differences were observed depending mainly on the solids loading, with values about pH 8.9- The use of such concentrated suspensions led to the formation of very thick deposits at both sides of the EPD substrate and not only on the surface in face to the counter electrode. The differences between the deposition at the front surface and the back surface of the electrode cannot be evaluated in the green state, as both are still attached to the substrate and they do not have the mechanical strength needed for machining prior to microscopy observations. Thus, coated graphite films were calcined at temperatures of 1300, 1350, and 1400 ºC in conventional furnace in order to remove the graphite layer, so that two self-supported films can be separated.
9 Figure 3 shows a cross-section picture of the frontal and back films obtained from the suspension with 30, 40 and 50 vol.% AT by EPD at 5 mA (i.e. 1.39 mA.cm -2 ) for 10 min and conventionally sintered at 1400 ºC. The pictures demonstrate that the front surface is thicker but only by a 50 vol.% with respect to the back one. This could be attributed to the strong contribution to the film thickness due to simply dipping, but the low mass per unit area measured for deposits obtained by dipping (points of zero deposition time in figure 2 ) demonstrate that the great thickness obtained by EPD is not due to dipping but there is a secondary effect of the electric field, probably related to the large number of interactions existing in these concentrated suspensions, where the viscosity is significantly higher and the electric field becomes strongly asymmetric and can produce counter flows within the EPD cell. This aspect, however, cannot be studied in depth in this work and needs further effort.
Similar findings can be drawn for the other suspensions. Pictures show a smooth surface according to a homogeneous deposition but the front layer shows clearly the presence of pores. The material shows large uniformity, demonstrating the good dispersion level, and the pores can be consequence of the bubbles formed during EPD in water. The EDX analysis demonstrates that bright dots contain the reacted aluminum titanate, while grey areas correspond to the alumina matrix. Figure 6 shows representative EDX spectra for both the bright and the dark areas confirming that statement. 10 By SPS, the graphite substrate does not burn out because the sintering cycle occurs in vacuum. In this case, the two self-sustained films have been also obtained similarly to the conventional method. The XRD of the materials sintered by conventional method at 1400 ºC is shown in Figure 9 .
Aluminium titanate has already formed at 1400 ºC but not completely. The maximum temperature, therefore, would be limited to 1400 ºC, as the titania has already reacted to form aluminium titanate at this temperature, even though a very low concentration of unreacted titania still remains according to the above XRD analysis. Molina et al. observed that the complete reaction sintering to form A-AT composites occurred at 1500 ºC [10] . This results contrast with those of SPS where all of TiO 2 reacted with Al 2 O 3 during sintering process at ≥1350 ºC to form Al 2 TiO 5 . Table 1 compares the thickness and hardness of the films obtained by conventional sintering (CS) and spark plasma sintering (SPS), as well as the densities, of the front thicker layers. A meaningful difference can be observed between the relative densities of the conventionally sintered samples and those prepared by SPS. At 1300 ºC, the density of the SPS sample was significantly higher than that of the CS samples. At this temperature if we compare the samples sintered by SPS with 1 min of dwelling time and CS with 2 h of dwelling time, the SPS sample has a density enhancement up to 6% (from 91.9% to 97.3%) in a shorter time. On increasing the temperature to 1400 ºC a significant 11 improvement in densification is observed in the SPS samples ~99%. Fully dense specimens were, therefore, obtained at significantly lower sintering times by SPS.
The rapid densification of samples by SPS is attributed to the enhanced densification rate due to mechanisms such as particle rearrangement and the breaking up of agglomerates aided by applied pressure and faster heating rates. By rearrangement of particles, the SPS process also impedes the pore size increasing which was generally observed in the first and intermediate stages of sintering.
Further, applied electric field also promotes the diffusion of ions and vacancies, which enhance the sintering rate. Also, the thickness observed in the samples sintering by SPS are low than CS, this is due to the applied pressure at the same time to the heating rates and high temperature are enhanced.
Therefore, SPS is an excellent method to improvement the density of the EPD samples.
Hardness of SPS and conventionally fabricated A-AT EPD materials are presented in Table 2 AT with 10 vol.% AT treated at the same conditions were reported to be 15.5 GPa [24] . Yang et al [7] reported the preparation of A-AT composites with relative ratio 87-13 using nanopowders and SPS and the hardness determined for this material was 16.7 GPa. Botero et al. [25] have recently reported the effect of AT addition on the mechanical properties of A-AT materials. These authors prepared monolithic alumina and studied the effect of the addition of 5 and 10 vol.% AT after 12 sintering at 1500ºC/1h. The hardness obtained by nanoindentation tests was 26.5, 29.8, 22.1 GPa, respectively. In the present work the films prepared by EPD have an expected composition of A-AT with a relative ratio 70-30, that is, the final AT content is higher than that used in those papers.
Hence, whereas those papers are expected to be constituted by non-microcracked material the films prepared herein with higher AT content are expected to present extensive microcracking, which is benefitial for thermal shock applications [26] .
In summary, the hardness values of the SPS materials are higher than those of the conventionally fabricated materials that were processed at the same temperature with 2 h of dwelling time. This is due to better and faster densification of the SPS specimens.
The FE-SEM micrographs of the fracture surface of A-AT ceramic composites obtained by CS and SPS at different temperatures are shown in Figure 10 and Figure 11 , respectively.
The main difference between samples sintered by CS and SPS is the size and shape of the alumina grains. Ceramics prepared by SPS exhibit full densification with absence of pores and with homogeneous-grained growth of Al 2 O 3 . The composite consolidated at 1300 ºC (Fig. 11a) shows a narrow grain size distribution ranging from 0.8 µm to 1.2 µm. When the composites are sintered at higher temperatures ( Fig. 11b and 11c ), most Al 2 O 3 grains are located in the range of 1.2-1.6 µm.
As it has been observed, the Al 2 O 3 grain size has a homogeneous distribution, ranging from 0.8 µm to 1.6 µm, and the fracture mode observed in these materials is predominantly transgranular.
Only small microstructural differences between the composites obtained by CS are observed at this magnification (Fig. 10) . All materials presented similar microstructural features with exaggerated alumina grain growth (~2 µm). It is well known that titania accelerates the mass transport mechanisms in alumina and could lead to exaggerated grain growth at high temperature when small amounts of titania are present [13] . However, the specimens sintered by SPS technique with applied pressure and fast heating rates, show a homogeneous grain growth due to different diffusion mechanism. This fact leads to better mechanical properties. 13 
Conclusions
In summary, concentrated optimized suspension of submicron sized Al 2 O 3 and nanosized TiO 2 powder have been prepared up to solid loading of 40 vol.% by controlling the sonication time and the deflocculant content. Concentrated suspension was used to prepare self-sustaining thick films by EPD at constant current density using graphite electrodes. To maintain the stability of the nanophase of titania sintering was performed by conventional and spark plasma sintering at different temperatures (1300-1400 ºC).
The density achieved to the samples sintered by SPS is very high (~99% TD) and the alumina average grain size ranges in all composites were about 1. 
